He Q, Harding P, LaPointe MC. PKA, Rap1, ERK1/2, and p90RSK mediate PGE 2 and EP4 signaling in neonatal ventricular myocytes. Am J Physiol Heart Circ Physiol 298: H136 -H143, 2010. First published October 30, 2009 doi:10.1152/ajpheart.00251.2009.-We have previously reported that 1) inhibition of cyclooxygenase-2 and PGE 2 production reduces hypertrophy after myocardial infarction in mice and 2) PGE 2 acting through its EP4 receptor causes hypertrophy of neonatal ventricular myocytes (NVMs) via ERK1/2. It is known that EP4 couples to adenylate cyclase, cAMP, and PKA. The present study was designed to determine interactions between the cAMP-PKA pathway and ERK1/2 and to further characterize events downstream of ERK1/2. We hypothesized that PKA and the small GTPase Rap are upstream of ERK1/2 and that 90-kDa ribosomal S6 kinase (p90RSK) is activated downstream. Treatment of NVMs with PGE 2 activated Rap, and this activation was inhibited in part by an EP4 antagonist and PKA inhibition. Transfection of a dominant negative mutant of Rap reduced PGE 2 activation of ERK1/2. PGE2 activation of p90RSK was also dependent on EP4, PKA, and Rap. We also tested the involvement of Rap, ERK1/2, and p90RSK in PGE 2 regulation of gene expression. PGE 2 stimulation of brain natriuretic peptide promoter activity was blocked by either ERK1/2 inhibition or a dominant negative mutation of p90RSK. PGE 2 stimulation of c-Fos was dependent on EP4, PKA, ERK1/2, and p90RSK, whereas only the latter two kinases were involved in PGE 2 regulation of early growth response-1. Finally, we tested the involvement of EP4-dependent signaling in the NVM growth response and found that the overexpression of EP4 increased NVM cell size. We conclude that EP4-dependent signaling in NVMs in part involves PKA, Rap, ERK1/2, and p90RSK and results in the increased expression of brain natriuretic peptide and c-Fos.
as improved cardiac function (36) . Thus, PGE 2 contributes to adverse cardiac remodeling in some pathophysiological models.
The biological actions of PGE 2 are mediated through four specific G protein-coupled receptors: EP1, EP2, EP3, and EP4, which differ in their downstream signaling pathways. Activation of EP2 and EP4 couples to G␣ s , resulting in increased intracellular cAMP, whereas the EP3 receptor couples to either G␣ i or G␣ q . EP1 mediates Ca 2ϩ mobilization, although the exact mechanism is not known (50) . Our previous studies in NVMs showed that PGE 2 stimulated cAMP production, activated the MAPK ERK1/2 (44, 45) , and regulated BNP gene expression through EP4 (56) . The present study was designed to elucidate 1) the signaling molecules downstream from EP4, including PKA, the small GTPase Rap, and kinases [e.g., p90 ribosomal S6 kinase (p90RSK)]; 2) the effect of EP4 signaling on gene expression [e.g., BNP, early growth response-1 (Egr-1), and c-Fos]; and 3) the effect of EP4 and PKA on myocyte growth as measured by cell size. We found that PGE 2 activates Rap1 via both PKA-dependent and PKA-independent pathways but that PKA is not associated with myocyte growth.
METHODS

Supplies and chemicals.
The MEK inhibitor U-0126 was purchased from EMD Chemicals (Gibbstown, NJ), PGE 2 was purchased from Cayman Chemical (Ann Arbor, MI), the Epac activator 8CPT-2Me-cAMP (8CPT) was purchased from Tocris Bioscience (Ellisville, MO), and the PKA inhibitor H89 was purchased from BioMol (Plymouth Meeting, PA). The EP4 antagonist ONO-AE3-208 (ONO-208) was a gift from ONO Pharmaceutical (Osaka, Japan). Cell culture. This protocol was approved by the Henry Ford Institutional Animal Care and Use Committee in accordance with federal guidelines. Ventricular myocyte-enriched cultures were generated from Sprague-Dawley rat pups (Charles River, Kalamazoo, MI) as previously described (37) . Ventricular myocytes (10 6 cells/ well of a 6-well plate) were plated in DMEM (GIBCO-BRL) containing 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM glutamine, 0.1 mM 5Ј-bromo-2Ј-deoxyuridine, and 10% FBS (HyClone) for 40 h. Cultures were then maintained under serum-free conditions with DMEM supplemented with 5 mg/l insulin and transferrin and 2.5 mg/l selenium. After 24 h in serum-free medium, the medium was refreshed and cells were treated with 1 M PGE 2 for 5-60 min or 24 h after a 1-h pretreatment with the various inhibitors.
Transfection and luciferase assay. The transfection of Ϫ1818-hBNPLuc by electroporation and luciferase assay were as previously described (39) . In other experiments, DNA (e.g., dnRap) was transfected into NVMs with FuGene 6 according to the manufacturer's protocol (1 g DNA in 5 l FuGene per 10 6 cells). Adenoviral transduction of NVMs. After NVMs had been plated in serum-free medium, they were transduced with adenovirus (100 plaque-forming units/cell). After 48 h, NVMs were treated with PGE 2 and then lysed for Western blot analysis or luciferase assay.
Protein extraction and Western blot analysis. Protein was isolated from NVMs with a lysis buffer containing 150 mM NaCl, 50 mM Tris ⅐ Cl (pH 7.5), 0.5% deoxycholate, 0.1% SDS, 1% Nonidet P-40, PhosSTOP, and Complete Mini. The protein concentration was determined with the Coomassie protein assay kit using BSA as the standard. Aliquots of samples (50 g protein) were subjected to SDS-PAGE and electrotransferred to a PVDF membrane at 50 V overnight at 4°C. The membrane was incubated in 5% nonfat milk in PBS containing 0.1% Tween 20 (PBS-T) for 1 h at room temperature and then overnight at 4°C in the same buffer containing primary antibody. The membrane was washed with PBS-T and incubated with HRP-conjugated secondary antibody at room temperature for 1.5 h.
After being washed, the membrane was developed with SuperSignal West Pico Chemiluminescent reagent at room temperature. The signal was detected through an exposure to Fuji RX film and analyzed by scanning densitometry. The target protein was normalized to the loading control and expressed either as the fold increase versus the control (untreated cells) or as the percentage of PGE2 stimulation.
Rap1 activation assay. Activated Rap was assayed with a kit from Upstate following its protocol. In brief, 6 ϫ 10 6 cells from one 10-cm plate were washed with ice-cold PBS, scraped into 1ϫ Rap activation buffer supplemented with Complete Mini, and snap frozen in liquid nitrogen. The cell extract was obtained by centrifugation at 12,000 g for 10 min at 4°C. Cell extract (600 g) was incubated with 25 l of immobilized GST-RalGDS-RBD for at least 1 h at 4°C on a rotating platform. The GTP-bound activated Rap was affinity precipitated, washed, and then eluted with 30 l Laemmli sample buffer by boiling for 5 min. Samples were electrophoresed by SDS-PAGE and transferred to a PVDF membrane to be probed with anti-Rap antibody. To determine total Rap content, 50 g cell lysate was also analyzed by Rap immunoblot analysis. For various treatment conditions, activated Rap normalized to total Rap was expressed as the fold increase versus the control.
Measurement of cell size. For the overexpression of HA-EP4 cDNA, 3 ϫ 10 6 myocytes were transfected by electroporation using Amaxa reagent (Lonza Cologne) with 6 g of a control plasmid encoding green fluorescent protein (GFP) or HA-EP4 in pcDNA3.1. After transfection, cells were plated onto fibronectin-coated glass coverslips for 40 h, serum deprived for 24 h, and treated for 48 h with vehicle or PGE2. After treatment, cells were washed with PBS and fixed in 4% paraformaldehyde in PBS for at least 15 min. The slides transfected with GFP were immediately mounted in Fluoromount-G (Southern Biotechnology Associates) and stored at 4°C. The slides transfected with HA-EP4 were permeabilized in 0.1% Triton X-100 in PBS for 15 min and blocked for 1 h in 1% BSA with Tris-buffered saline and 0.1% Tween 20 (TBS-T). Cells were incubated with a FITC-conjugated antibody to HA (diluted 1:100 in 1% BSA and TBS-T) for 60 min and then washed with PBS. Slides were then mounted, and immunofluorescence was detected using a fluorescence microscope (Nikon Eclipse E600) attached to a Spot camera (Diagnostic Instruments). Areas of positively transfected cells (at least 60 cells/group) in randomly selected microscopic fields were analyzed using image analysis software (MicroSuite Five) by an observer blinded to the treatment groups.
Statistical analysis. Data are expressed as means Ϯ SE. Differences in mean values were analyzed by a two-tailed t-test or one-way ANOVA using the Student-Newman-Keuls method for pair-wise multiple comparisons. P values Ͻ 0.05 were considered significant.
RESULTS
PGE 2 activation of the small GTPase Rap. Our previous studies (44, 45) have shown that PGE 2 increased intracellular cAMP and activated ERK1/2 in NVMs. cAMP exerts its effects through PKA and/or Epac, an exchange protein directly activated by cAMP, which is usually PKA independent (5, 6). cAMP and Epac can lead to the activation of ERK1/2 through the small GTPase Rap. To investigate whether PGE 2 activates Rap, we used a Rap activation assay. In a time-course experiment (Fig. 1A) , 1 M PGE 2 activated Rap at 5 min, and the activation persisted for at least 30 min. As a positive control, we treated NVMs with 8CPT (60 M), which activated Rap by 2.4-fold compared with the control (Fig. 1B) . Rap activation by PGE 2 was reduced 61% by the EP4 antagonist ONO-208 (10 M; Fig. 1C ) and 46% by H89 (5 M; Fig. 1D ). In addition, we verifed that PGE 2 stimulated cAMP in NVMs. PGE 2 increased cAMP 5.6-fold (from 2,143 to 12,348 fmol/ml, n ϭ 2), and this was inhibited 54% by ONO-208. In summary, PGE 2 stimulated cAMP and induced Rap activation, which was both PKA dependent and independent.
PGE 2 activation of ERK1/2. It is known that ERK signaling is initiated by small GTPases such as Rap, which is a member of the Ras family. We (45) have also previously shown that PGE 2 activated ERK1/2 via EP4, using the EP4 antagonist L-161982. We first repeated this study using the ONO-208 compound. As shown in Fig. 2A , ERK1/2 activation by PGE 2 was inhibited in part by ONO-208. We next tested whether Rap is activated upstream of ERK1/2 in PGE 2 signaling. Transfection of NVMs with dnRap significantly decreased PGE 2 -induced ERK1/2 activation by 75%. dnRas had no effect (Fig.  2B) , indicating that the coupling of EP4 to a small GTPase is specific for Rap. In keeping with our results concerning PKA and its role in Rap activation (shown in Fig. 1 ), PKA inhibition also abrogated PGE 2 -induced ERK1/2 activation (Fig. 2C) . Interestingly, 8CPT had no effect on ERK1/2 phosphorylation (data not shown), suggesting that Epac is not part of the signaling pathway. Thus, the activation of ERK1/2 by PGE 2 is partially mediated by EP4, PKA, and Rap1. PGE 2 activation of p90RSK. p90RSK is activated by ERK1/2 (13) and has been implicated in cardiac hypertrophy both in vivo and in vitro (4, 34, 71, 74) . We found that PGE 2 induced a robust activation of p90RSK, which was partially inhibited by the EP4 antagonist ONO-208 (Fig. 3A) . As expected, p90RSK activation was totally abrogated by an inhibitor of ERK1/2 activation (U-0126, 10 M; Fig. 3B ). dnRap and PKA inhibition by H89 also significantly inhibited PGE 2 activation of p90RSK (Fig. 3, C and D) . Thus, p90RSK activation by PGE 2 involves EP4 acting through PKA, Rap, and ERK1/2. PGE 2 regulation of gene transcription. To test the involvement of p90RSK in the regulation of the hBNP promoter, we transfected NVMs with the hBNPluc promoter and then added an adenovirus encoding dnp90RSK. As shown in Fig. 4, PGE 2 induced hBNP promoter activity by 3.2-fold compared with the control, and this was abolished by dnp90RSK.
c-Fos and Egr-1, proteins encoded by early response genes, are involved in the transcription of numerous other genes and have been implicated in NVM growth (7, 20, 58, 61) . We tested whether PGE 2 regulates their expression. Figure 5A shows a representative Western blot demonstrating PGE 2 stimulation of c-Fos. Quantitation of multiple Western blots, as shown in Fig. 5B , indicated that this stimulation was dependent on EP4 (80% inhibition with ONO-208), PKA (82% inhibition with H89), and ERK1/2 (100% inhibition with U-0126). The regulation of c-Fos by PGE 2 was also dependent on Rap (84% inhibition with dnRap; Fig. 5C ) and p90RSK (100% inhibition by dnp90RSK; Fig. 5D ). Similar to c-Fos, PGE 2 regulation of Egr-1 was completely dependent on ERK1/2 ( Fig. 6A ) and p90RSK (Fig. 6B) . However, the induction of Egr-1 was not affected by the EP4 antagonist, dnRap, and the PKA inhibitor (data not shown).
EP4 mediates the increase in myocyte size. Our previous study (45) showed that PGE 2 acting through EP4 increases protein synthesis and the size of NVMs. To directly test the effect of EP4 on NVM growth, we overexpressed EP4 (17) or a control vector expressing GFP and then treated cells with PGE 2 for 48 h. Whereas PGE 2 increased the cell surface area of control-transfected NVM by 50%, EP4 overexpression alone had the same stimulatory effect (P Ͻ 0.001, 70 -80 cells counted per treatment; Fig. 7 ). Although PGE 2 treatment of cells overexpressing EP4 resulted in a slightly greater cell surface area than EP4 alone, this did not achieve statistical significance. These data suggest that overexpression of EP4 alone can contribute to NVM growth, probably due to the presence of constitutively synthesized PGE 2 (38) . Finally, we tested whether PKA inhibition affected PGE 2 -dependent increases in NVM size, but found no reproducible effect (data not shown).
DISCUSSION
Our previous studies (45, 56) have shown that PGE 2 and EP4 are involved in the regulation of protein synthesis, cell size, and natriuretic peptide expression in NVMs, but these studies did not identify how EP4 coupled to multiple signaling molecules and nuclear targets. The present study demonstrates that the EP4 receptor signals through the small GTPase Rap, ERK1/2, and p90RSK to regulate BNP and c-Fos expression.
EP4 is coupled to adenylate cyclase and the generation of cAMP. In addition to activating PKA, cAMP can bind and activate Epac, resulting in Rap activation (14, 15) . The activation of Rap by PKA signaling has also been documented (53, 62, 65) . The present study showed that PGE 2 activated Rap via both PKA-dependent and -independent mechanisms, given that PKA inhibition did not totally abrogate the effect of PGE 2 . We have not identified the PKA-independent pathway, but it is not likely Epac, based on the fact that 8CPT does not reproducibly activate either ERK1/2 or p90RSK in NVMs. Consistent with this idea, Morel et al. (49) have shown that Epac activates the hypertrophic program through Rac, calcineurin, and nuclear factor of activated T cells in NVMs. Also, Metrich et al. (46) found that calcineurin but not PKA and Rap played a role in Fig. 4 . p90RSK is involved in the regulation of the brain natriuretic peptide (BNP) promoter. NVMs were transfected with Ϫ1818hBNP luciferase and, 3 days later, also infected with an adenovirus encoding either LacZ or dnp90RSK. Cells were treated with PGE2 for the final 24 h of the experiment and then lysed for the assay of luciferase activity. Luciferase activity in the control cells was arbitrarily assigned a value of 1, and activity in PGE2-stimulated cells is expressed as the fold increase versus the control. Data are mean Ϯ SE from 3 separate experiments. *P ϭ 0.025.
Epac-induced hypertophy in isoproterenol-stimulated adult cardiac myocytes. Thus, the role of Rap may be unique to PGE 2 /EP4 effects in myocytes.
Rap has been shown to mediate the activation of ERK1/2 (19, 26, 29, 62) , and ERK1/2 activates p90RSK (31, 40, 62, 66, 67) . ERK1/2 and p90RSK signaling pathways have been implicated in cardiac hypertrophy (8, 21, 34, 48) , myocardial ischemia-reperfusion injury (69) , and heart failure (70) . Our data show that PGE 2 via EP4 and Rap activated ERK1/2 and p90RSK, consistent with other studies on the growth of NVM and cardiac dysfunction in vivo.
MAPK signaling cascades regulate transcription by multiple mechanisms, including the phosphorylation and activation of transcription factors, coactivators, corepressors, histones, and the basal transcriptional machinery. Activated ERK1/2 and/or p90RSK have been shown to target c-Fos (2, 11, 22) and Egr-1 (30) as well as participate in the activation of NF-B (25). Moreover, c-Fos and Egr-1 participate in the transcriptional regulation of many genes associated with cell growth. In our study, PGE 2 stimulation of c-Fos and Egr-1 expression was completely dependent on ERK1/2 and p90RSK. In addition, ERK1/2 and p90RSK were involved in the regulation of the BNP promoter. The transcription factors GATA-4 and activator protein (AP)-1 (containing c-Jun and c-Fos family members) have been shown to be regulated by MAPKs (1, 10, 68, 72, 75) , and both factors regulate basal and inducible activity of the hBNP promoter (27, 35) . Thus, PGE 2 -dependent activation of ERK1/2 and p90RSK may target GATA-4 and AP-1 family members, enhancing their activity and stimulating BNP promoter activity.
Egr-1 is a transcription factor in the zinc finger family and is referred to as an immediate-early gene, regulating the expression of a number of downstream target genes involved in cardiovascular disease (30) . It is regulated by MAPKs, involved in the growth of cardiac myocytes (9, 28, 51, 59, 64), and upregulated in the ischemic myocardium (9, 28, 42, 59, 64) . In HEK-293 cells stably overexpressing EP4, PGE 2 stimulation resulted in the activation of ERK1/2 and upregulation of Egr-1 (23) . In our study in NVMs, we found that PGE 2 activated ERK1/2 and upregulated Egr-1 but that this was not dependent on EP4. Thus, unlike c-Fos and the BNP promoter, PGE 2 regulation of Egr-1 likely involves a different EP receptor.
Other PGE 2 receptors may mediate PGE 2 -induced ERK1/2 activation and the downstream transcriptional regulation of genes. Nicola et al. (52) and Chuang et al. (12) have shown that EP3 activated ERK1/2 in trophoblast cells and fibroblasts, respectively, whereas Meyer-Kirchrath et al. (47) have shown that EP3 overexpression in the mouse heart resulted in the activation of a pro-hypertrophic signaling pathway. Unpublished data from our laboratory have indicated that the EP3 agonist sulprostone activates ERK1/2, and an EP3 antagonist inhibits this in part, with complete inhibition occurring with the combination of EP3 and EP4 antagonists (Q. He and M. C. LaPointe, unpublished observations). Luttrell et al. (41) demonstrated that the G␤␥ subunit of G␣ i is involved in Src-dependent activation of ERK1/2. Since the EP3 receptor couples to G␣ i , it is possible that a similar mechanism is involved in its activation of ERK1/2. It is also possible that the EP3 receptor is responsible for the upregulation of Egr-1, as its regulation by PGE 2 was not inhibited by the EP4 antagonist.
EP4 is expressed in the adult heart (73) and seems to be the major EP mediating the actions of PGE 2 in the heart and cultured NVMs (21, 48, 73) . Using a mouse model of myocardial infarction, we have shown that either inhibition of COX2 to decrease PGE 2 production (36) or cardiacspecific deletion of EP4 (55) knockout of inducible PGE 2 synthase (microsomal PGE synthase-1) had reduced cardiac PGE 2 levels, myocyte cross-sectional area, and surface area compared with wildtype mice after myocardial infarction, although knockout hearts were more dilated and had impaired fractional shortening. Using a global EP4 knockout mouse, Xiao et al. (73) found that infarct size in response to ischemia-reperfusion injury was larger in knockout mice than in wild-type mice, suggesting a cardioprotective role for EP4 and PGE 2 . This implies that PGE 2 and EP4 may contribute to the adaptive compensatory growth and/or survival of myocytes, which is necessary for maintaining function.
In summary, our previous data have indicated that PGE 2 signaling through EP4 and ERK1/2 contribute to NVM growth. However, our present study shows that the PKAdependent signaling pathway defined in the present study does not seem to result in NVM growth. As shown in Fig. 8 , the clearly defined mediators of EP4 include cAMP, PKA, the small GTPase Rap, ERK1/2, and p90RSK. Downstream of these kinases, EP4 mediates the regulation of c-Fos and BNP gene expression. Another early response gene, Egr-1, is upregulated by PGE 2 but does not seem to be regulated by EP4. A limitation of this study is that we have not determined whether PGE 2 acting through EP4 activates the transcription factors c-Fos and Egr-1 as well as increases their expression. If they are activated, then they may have the potential to act as additional growth-promoting factors in PGE 2 -stimulated NVMs. Nonetheless, detailed understanding of EP4 signaling in NVM in vitro provides insight into the potential physiological and pathological impact of PGE 2 in the heart.
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